Abstract Fluoxetine, an anti-depressant drug, has recently been shown to provide neuroprotection in central nervous system injury, but its roles in subarachnoid hemorrhage (SAH) remain unclear. In this study, we aimed to evaluate whether fluoxetine attenuates early brain injury (EBI) after SAH. We demonstrated that intraperitoneal injection of fluoxetine (10 mg/kg per day) significantly attenuated brain edema and blood-brain barrier (BBB) disruption, microglial activation, and neuronal apoptosis in EBI after experimental SAH, as evidenced by the reduction of brain water content and Evans blue dye extravasation, prevention of disruption of the tight junction proteins zonula occludens-1, claudin-5, and occludin, a decrease of cells staining positive for Iba-1, ED-1, and TUNEL and a decline in IL1b, IL-6, TNF-a, MDA, 3-nitrotyrosine, and 8-OHDG levels. Moreover, fluoxetine significantly improved the neurological deficits of EBI and long-term sensorimotor behavioral deficits following SAH in a rat model. These results indicated that fluoxetine has a neuroprotective effect after experimental SAH.
Introduction
Subarachnoid hemorrhage (SAH) is a harmful stroke subtype with high morbidity and mortality. The pathological development of early brain injury (EBI) is regarded as the primary cause of the poor clinical outcome after SAH [1] . EBI involves early acute events that include increased intracranial pressure, blood-brain barrier (BBB) disruption, brain edema formation, oxidative stress, and activation of inflammatory and apoptotic pathways. In the acute stage of SAH, edema is an important characteristic and reflects the BBB disruption, microglial activation, and multiple inflammatory cytokines associated with brain injury [2] . Targeting inflammation and apoptosis may be an innovative treatment strategy to improve the outcome after SAH.
Fluoxetine is a selective serotonin reuptake inhibitor used as an antidepressant, and is known to have neuroprotective effects, e.g., via its anti-inflammatory effect and prevention of BBB disruption in ischemic injury [3, 4] , prevention of disruption of the blood-spinal cord barrier and microglial activation against spinal cord injury [5, 6] , increased hippocampal neurogenesis following traumatic brain injury [7] , and promotion of motor recovery after intracerebral hemorrhage [8] . Recently, it has been shown that fluoxetine attenuates activation of the NLRP3 inflammasome and caspase 1 by activating autophagy in EBI after SAH [9] . However, it is yet to be clarified whether fluoxetine affects microglial activation and neuronal apoptosis in EBI after SAH.
In the present study, we aimed to investigate whether fluoxetine treatment following SAH attenuates neurological deficits, microglial activation, and neuronal apoptosis.
Materials and Methods

Experimental Animals and Design
Male Sprague-Dawley rats (290 g-320 g; three months old) were purchased from the Experimental Animal Center of Xi'an Jiaotong University. Rats were group-housed in cages with free access to water and food at 24°C ± 2°C and 60% ± 5% humidity with a 12-h light/dark cycle. All surgical procedures were approved by the Animal Care and Use Committee of Xi'an Jiaotong University, in accordance with the National Institutes of Health guidelines on the care and use of animals. One hundred and fifteen rats were randomly divided into the sham group (n = 30), SAH ? vehicle group (n = 43), and SAH ? fluoxetine group (n = 42). In the SAH ? vehicle group and SAH ? fluoxetine group, rats received intraperitoneal (i.p.) vehicle or fluoxetine at 2 h, 24 h, and 48 h after surgery. Mortality was calculated 24 h following SAH. The neurological scores were calculated at 48 h and 72 h (n = 6/group). Six rats/group were decapitated 24 h after SAH, and cortical tissue was collected for RT-qPCR. Six rats from each group were perfused at 72 h with 4% paraformaldehyde/ phosphate-buffered saline (PBS), and brains were collected for immunofluorescence, TUNEL, and hematoxylin and eosin (HE) staining. Six rats/group were decapitated at 72 h after SAH and the brains removed for Western-blot and ELISA experiments. Six rats from each group were used to assess Evans blue dye extravasation. Six rats/group were tested in the adhesive removal task (ART) and von Frey test.
Rat SAH Model and Grading System
The SAH model was created and graded as previously reported [10] . Briefly, rats were anesthetized with chloral hydrate (350 mg/kg i.p; 15307, Sigma, St. Louis, MO), the right common, external, and internal carotid arteries were exposed and the external carotid artery was ligated and transected distally. Then, a blunted 4-0 monofilament nylon suture was advanced into the internal carotid artery until resistance was felt, and further advanced 3 mm to perforate the wall of the internal carotid artery at the middle cerebral artery bifurcation. The suture was withdrawn into the external carotid artery and the internal carotid artery was re-perfused to produce the SAH model. Sham-operated rats underwent the same procedure except that the suture was withdrawn without puncture.
The SAH score was assessed 24 h after SAH based on the amount of blood in six segments in the basal cistern. Each segment was scored (0-3) as follows: 0, no blood; 1, minimal blood; 2, moderate blood with visible arteries; 3, blood clot covering all arteries. The total score (0 to 18) was calculated by adding the scores from the six segments.
Drug Administration
Rat received fluoxetine (10 mg/kg in saline, i.p., F132, Sigma) or an equal volume of vehicle (saline) at 2 h, 24 h, or 48 h after operation. The dosage and time of fluoxetine administration were based upon a prior investigation of ischemia [4] .
Neurological Deficit
The neurological deficit was evaluated following SAH using the modified Garcia scoring system as previously reported [10] . Briefly, this system involves six tests that are scored from 0 to 3 (spontaneous activity, forepaw stretching, symmetry of movement, body proprioception, climbing, and response to whisker stimulation). The sequence of testing was randomized and total scores (0 to 18) were calculated by two 'blinded' investigators.
Brain Water Content and Blood-Brain Barrier Permeability
Brain water content was determined at 72 h using the wet/ dry method (brain water content = [(wet weight -dry weight)/wet weight] 9 100%). After rats were anesthetized with chloral hydrate (i.p, 350 mg/kg, 15307, Sigma), brains were collected and quickly separated. Then the left and right hemisphere were directly weighed to obtain the wet weight and dried completely to determine the dry weight.
BBB permeability was assessed by Evans blue dye extravasation at 72 h after SAH. Briefly, rats were anesthetized with chloral hydrate (i.p, 350 mg/kg, 15307, Sigma) and 2% (w/v) Evans blue (E2129, Sigma) was injected intravenously and allowed to circulate for 1 h. Then rats were perfused with PBS through the left ventricle to remove intravascular dye. Afterward, the brains were removed and the cerebral cortex weighed and homogenized in PBS and centrifuged. Then the supernatant was mixed with an equal volume of trichloroacetic acid with ethanol (1:3). After incubation overnight, the samples were centrifuged. The absorbance of samples and standards were measured with excitation at 610 nm and emission at 680 nm using a microplate reader. The Evans blue content/group was calculated from the standard curve and represented as lg/g.
Western Blot Analysis
Western-blot analysis was performed 72 h after surgery as in a previous study [11] . In brief, rats were anesthetized with chloral hydrate (350 mg/kg i.p., 15307, Sigma). Then the brains were removed and the cerebral cortex homogenized in RIPA buffer (R0278, Sigma). Supernatant was obtained by centrifugation (13000 rpm, 4°C) and protein concentrations measured using a bicinchoninic acid kit (BCA1, Sigma). Then the supernatant of each sample (containing 30 lg total protein) was mixed with loading buffer, denatured, separated on sodium dodecyl sulfate polyacrylamide gel, and transferred to nitrocellulose membranes. After blocking with 5% skimmed milk, the membranes were incubated for 14 h at 4°C with the following antibodies: anti-claudin-5 (1:1000, ab15106, Abcam), anti-occludin (1:1000, ab31721, Abcam), anti-zonula occludens-1 (ZO-1) (1:1000, ab59720, Abcam), anti-active caspase-3 (1:1000, ab2302, Abcam), anti-b-actin (1:1000, ab8226, Abcam), anti-CD68 (ED-1) (1:200, sc-59103, Santa Cruz Biotechnology), and anti-Iba-1 (1:1000, #019-19741, Wako, Japan). After washing with TBST buffer (SRE0031, Sigma), the membranes were incubated with anti-rabbit IgG horseradish peroxidase (HRP)-linked antibody (#7074, 1:4000, Cell Signaling Technology) and anti-mouse IgG HRP-linked antibody (#7076, 1:4000, Cell Signaling Technology). After washing three times with TBST buffer, the immunoblots were assessed by western blot chemiluminescence reagent (32209, Thermo Fisher) and visualized on an X-ray film. The density of immunoreactive bands was measured with ImageJ software.
Immunofluorescence and TUNEL Staining
Immunohistological staining of the basal cortex was performed according to a previous study [12] . In brief, rats were anesthetized with chloral hydrate (350 mg/kg i.p., 15307, Sigma) at 72 h after surgery and perfused with PBS and 4% paraformaldehyde/PBS through the left ventricle. Brains were collected, kept in 4% paraformaldehyde/PBS for 6 h, and immersed in 30% sucrose for 3 days at 4°C. Then sections (10 lm) were cut on a Leica CM1860 cryostat (Leica Microsystem, Germany), washed three times with PBS followed by 5% goat serum and 0.5% Triton-100, and incubated with anti-CD68 (ED-1) (1:100, sc-59103, Santa Cruz Biotechnology), anti-Iba-1 (1:100, #019-19741, Wako), and anti-NeuN antibody (1:100, ab177487, Abcam) for 15 h at 4°C. Then the sections were washed three times with PBS for 10 min and incubated with anti-mouse IgG TRITC (1:200, T5393, Sigma) or anti-rabbit IgG-FITC (1:200, F9887, Sigma). In addition, TUNEL staining was performed using the In Situ Cell Death Detection Kit with Fluorescein (Roche) following the manufacturer's instructions. Slides were viewed under a fluorescence microscope using fixed parameters.
Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)
The mRNA levels of IL-1b, IL-6 and TNF-a were quantified using RT-qPCR as described previously [12] . Briefly, rats were anesthetized with chloral hydrate (350 mg/kg i.p., 15307, Sigma) at 24 h after surgery. Brains were collected and total RNA was extracted from cortex with TRIzol reagent and reverse-transcribed to cDNA with a reverse transcriptase reagent kit (Takara Biotechnology, Japan) according to the manufacturer's instructions. The reaction mixture for RT-qPCR contained 1 lL of cDNA, 1 lL of each primer, 12.5 lL of SYBR Green, and 9 lL of water. The forward and reverse primers were as follows: IL-1b, 5 
Enzyme-Linked Immunosorbent Assay (ELISA)
Briefly, rats were anesthetized with chloral hydrate (350 mg/kg i.p.) 72 h after surgery as previously reported [13] . Brains were removed and cortex was homogenized in PBS. Supernatant was obtained by centrifugation (13000 rpm, 4°C) and protein concentration was measured using the bicinchoninic acid kit. Then the IL-1b, IL-6, TNF-a, malondialdehyde (MDA), 3-nitrotyrosine, and 8-hydroxy-2-desoxyguanosine (8-OHDG) were quantified using ELISA kits for rat IL-1b (E0210010), rat IL-6 (E021006), rat TNF-a (E02T0008), rat MDA (E02M0023), rat 3-nitrotyrosine (E02N0005), and rat 8-OHDG (E02H0007) according to the manufacturer 0 s instructions (BlueGene Biotech, Shanghai, China).
Evaluation of Cerebral Vasospasm
Briefly, rats were anesthetized with chloral hydrate (350 mg/kg i.p.) at 72 h after surgery and perfused with PBS and 4% paraformaldehyde/PBS through the left ventricle. Brains were removed and kept in 4% paraformaldehyde/ PBS for 6 h. Then sections (10 lm) were cut on the Leica CM1860 cryostat. HE staining was performed for cerebral vasospasm using an HE staining kit (G1120, Solarbio, Beijing, China). The basilar arteries (BAs) were photographed at 9100 magnification using a fluorescence microscope. The lumen area of BAs was quantified using ImageJ software in a blinded fashion.
Adhesive Removal Task and Von Frey Test
Long-term sensorimotor behavior deficits were assessed on day 14 using ART and the von Frey test as described previously [14] . The ART was performed by a trained observer in a blinded fashion. Stickers were placed on the right or left forepaw, and the latency to sticker removal was recorded. The mean time to complete removal of the three stickers on each forepaw was recorded. The sticker placement on the right and left forepaw was alternated. For the von Frey test, rats were placed on a wire grid and von Frey hairs (bending force from 1 g to 15 g) were applied. The hair force was decreased or increased based on the response. Clear paw withdrawal, licking, or shaking was recorded as mechanical sensitivity. The 50% paw withdrawal threshold was calculated by a trained observer in a blinded fashion.
Statistical Analysis
Data are expressed as mean ± SEM and were analyzed with GraphPad Software Prism 5.0 (GraphPad Software). Comparisons were made by one-way analysis of variance (ANOVA) with Turkey's tests. P \ 0.05 was considered to be statistically significant.
Results
Effects of Fluoxetine on Neurological Deficit and Brain Edema After SAH
The mortality rate was not significantly different between the SAH ? vehicle (30.2%, 13 of 43 rats) and SAH ? fluoxetine groups (28.5%, 12 of 42 rats). There were no deaths in the sham-operated group. The SAH grading score was not significantly different between the SAH ? vehicle and SAH ? fluoxetine groups (Fig. 1A) . The neurological score was significantly lower in the SAH ? vehicle group at 48 h and 72 h than in the sham-operated group, while the score of the SAH ? fluoxetine group was significantly higher than that of the SAH ? vehicle group (Fig. 1B) . In addition, SAH significantly increased the brain water content compared to that measured in the sham group at 72 h, yet the water content in the SAH ? fluoxetine group was significantly lower than in the SAH ? vehicle group (Fig. 1C) . These results suggest that fluoxetine attenuates the SAH-induced neurological deficit and brain edema.
Effects of Fluoxetine on Blood-Brain Barrier Disruption After SAH
Compared to the sham group, SAH significantly increased the extravasation of Evans blue dye at 72 h ( Fig. 2A) , and down-regulated the tight junction proteins claudin-5, occludin, and ZO-1 in cortex at 72 h ( Fig. 2B and C) , suggesting that SAH induces BBB disruption in EBI. However, fluoxetine significantly attenuated the SAHinduced increase of Evans blue dye extravasation ( Fig. 2A) , and up-regulated all three tight junction proteins in the cortex following SAH (Fig. 2B and C) . These findings suggest that fluoxetine treatment attenuates SAHinduced BBB disruption.
Effects of Fluoxetine on Microglial Activation after SAH
As shown in Fig. 3A , the numbers of cells positive for ED-1 (a marker of activated microglia/macrophages) and Iba-1 (a mature microglia/macrophage marker) in the basal cortex were significantly higher in the SAH ? vehicle group than in the sham group at 72 h, but this was reduced by fluoxetine treatment as compared to the SAH ? vehicle group. Furthermore, western blot analysis showed that the expression of ED-1 and Iba-1 in the basal cortex was significantly up-regulated in the SAH ? vehicle group compared to the sham group, and fluoxetine significantly decreased this up-regulation compared with the SAH ? vehicle group at 72 h (Fig. 3B) . These results indicate that fluoxetine treatment attenuates SAH-induced microglial activation in basal cortex.
Effects of Fluoxetine on IL-1b, IL-6, and TNF-a Expression after SAH
Compared to the sham group, SAH significantly increased the mRNA expression of IL-1b, IL-6, and TNF-a at 24 h (Fig. 4A) , and the protein levels of IL-1b, IL-6, and TNF-a in cortex at 72 h (Fig. 4B) , suggesting that SAH induces pro-inflammatory cytokine expression in EBI. However, fluoxetine significantly attenuated the SAH-induced increase of mRNA and protein expression of IL-1b, IL-6, and TNF-a in cortex at 72 h (Fig. 4) . These results indicate that fluoxetine treatment attenuates SAH-increased proinflammatory cytokine expression in cortex.
Effects of Fluoxetine on MDA, 3-nitrotyrosine, and 8-OHDG Content After SAH To gain insight into the possible role of fluoxetine in oxidative stress after SAH, MDA, 3-nitrotyrosine, and 8-OHDG that are markers of oxidative damage of lipid, protein and DNA, were examined 72 h after SAH. As shown in Fig. 5 , the content of MDA, 3-nitrotyrosine and 8-OHDG was higher in the SAH ? vehicle group than in the sham group, while fluoxetine significantly attenuated this increase induced by SAH. These results suggest that 
Effects of Fluoxetine on Apoptosis in Basal Cortex after SAH
Next, we quantified apoptosis in basal cortex using TUNEL and NeuN staining 72 h after SAH. The numbers of TUNEL/NeuN-positive cells were significantly higher in the SAH ? vehicle group than in the sham group, yet fluoxetine distinctly decreased the number of positive cells (Fig. 6A, B) . In addition, western blot analysis showed that SAH effectively increased the active caspase-3 expression compared to the sham group (Fig. 6C) . However, fluoxetine significantly attenuated the up-regulation induced by SAH (Fig. 6C) . These results indicate that fluoxetine attenuates the apoptosis induced by SAH in the basal cortex in EBI.
Fluoxetine Has no Effect on Cerebral Vasospasm After SAH
To investigate the effect of fluoxetine on cerebral vasospasm following SAH, the lumen area of the BA was measured. SAH effectively decreased this area compared to the sham group (Fig. 7) . The area did not significantly differ between the SAH ? vehicle and SAH ? fluoxetine groups (Fig. 7) , indicating that fluoxetine has no effect on the vasospasm after SAH.
Fluoxetine Treatment Attenuates Long-Term Sensorimotor Behavioral Deficits After SAH
Compared to the sham group, SAH rats needed more time to remove the adhesive from the left (impaired) forepaw (Fig. 8A) , and the latency to start sticker removal (sensory function) was longer (Fig. 8B) , as was that for effective sticker removal (motor function) (Fig. 8C) , while fluoxetine significantly attenuated these increases. In addition, the mechanical sensitivity to innocuous stimuli was significantly lower in the SAH ? vehicle group than in the sham group, indicating a loss of sensory function (Fig. 8D) , while fluoxetine treatment significantly attenuated this loss (Fig. 8D) . These results indicate that fluoxetine improves the long-term sensorimotor behavioral deficit after SAH.
Discussion
In the present study, we demonstrated that intraperitoneal administration of fluoxetine (10 mg/kg) improved the functional outcome, ameliorated brain edema and BBB permeability, decreased microglial activation and the mRNA and protein levels of pro-inflammatory cytokines, and reduced the oxidative stress and cortical apoptosis following SAH in rat models. Moreover, fluoxetine improved the long-term sensorimotor behavioral deficit after SAH. These data suggest that fluoxetine has potential value in therapy for SAH. The mortality rate and neurological deficits are important experimental measurements for evaluating the outcome after SAH. The mortality rate was similar in the SAH ? vehicle and SAH ? fluoxetine groups, while fluoxetine improved neurological deficits following SAH. Brain edema is a common and important feature in EBI and is considered to be a major independent risk factor for a poor outcome after SAH, and reflects disruption of the BBB [15] . Our results suggest that fluoxetine effectively reduced the brain edema and BBB permeability, and attenuated the BBB disruption by up-regulating the expression of claudin-5, occludin, and ZO-1 in EBI after SAH. Although not directly explored in the present study, fluoxetine may act against BBB disruption through inhibition of oxidative stress and inflammation, as previously reported [16] . Moreover, our results revealed the long-term consequences of SAH for behavior, focusing on fine sensorimotor behavior, as measured in the ART and the von Frey test. SAH rats needed longer to sense the tactile stimulus from the sticker as well as to remove the sticker, and showed a decrease in tactile sensitivity. However, fluoxetine significantly restored these impairments.
Microglial activation is correlated with the occurrence of later vasospasm and neurobehavioral deficits [17] . In the early phase of SAH, excessive amounts of the proinflammatory cytokines IL-1b, IL-6, and TNF-a released by activated microglia, together with microglial signalinginduced astrocyte cytotoxicity become deleterious to Fig. 4 Fluoxetine reduces the expression of pro-inflammatory cytokines in cortex after SAH. A mRNA levels of IL-1b, IL-6, and TNF-a at 24 h and B protein levels of IL-1b, IL-6, and TNF-a in cortex at 72 h in the sham, SAH ? vehicle, and SAH ? fluoxetine groups (mean ± SEM, n = 6/group; one-way ANOVA followed by Turkey's test). surrounding cells [18] . Our results showed that fluoxetine significantly decreased the number of activated microglia (ED-1-or Iba-1-positive), reduced the ED-1 and Iba-1 protein expression, and reduced the mRNA and protein levels of the pro-inflammatory cytokines IL-1b, IL-6, and TNF-a following SAH. The mechanism of the anti- inflammatory action of fluoxetine has recently been reviewed by Caiaffo et al [19] . In microglia activated by lipopolysaccharide, fluoxetine reduces the production of IL-6 and TNF-a at the transcriptional level [20] . Fluoxetine protects neurons against the neurotoxicity mediated by microglial activation [21] . Our results also showed that fluoxetine decreased the mRNA levels of pro-inflammatory cytokines after SAH. These results indicate that fluoxetine has an anti-inflammatory effect through the inhibition of microglial activation. Fluoxetine also contributes to a reduction in oxidants and apoptosis [19] . Numerous studies have provided Fig. 7 Fluoxetine has no effect on cerebral vasospasm after SAH. Representative images of HE-stained cross-sections of the basilar artery at 72 h (scale bars, 100 lm) and measurements of its lumen area in the sham, SAH ? vehicle, and SAH ? fluoxetine groups. Values are mean ± SEM (n = 6/group; one-way ANOVA following Turkey's test). ? vehicle, and SAH ? fluoxetine group. D Mechanical sensitivity assessed using the von Frey test on day 14 after SAH; 50% threshold in the sham, SAH ? vehicle, and SAH ? fluoxetine groups. Values are the mean ± SEM (n = 6/group; one-way ANOVA followed by Turkey's test).
evidence for oxidative stress in SAH rat models, including high levels of oxidative nucleic acid damage, protein oxidation, and lipid peroxidation [22] [23] [24] [25] . Fluoxetine is known to inhibit microglia-derived oxidative stress damage in a Parkinson's disease model [26] . In this study, fluoxetine also attenuated the microglial activation after SAH, supporting the hypothesis that the anti-oxidative effect of fluoxetine is associated with an ability to inhibit microglia-derived oxidative damage. Fluoxetine protects against IL-1b-induced neuronal apoptosis [27] , and increases the activity of intracellular survival pathways in the prefrontal striatum, cortex, and hippocampus in adult rats [28] . Our result showed that fluoxetine inhibits cortical apoptosis following SAH. Even with the limitations of this study, these results provide evidence for the effect of fluoxetine against SAH-induced microglial activation and neuronal apoptosis
